The kringle 1 domain of human hepatocyte growth factor (HGFK1) was previously shown to inhibit bovine aortic endothelial cell proliferation, suggesting that it might be an antiangiogenic molecule. Here, we evaluated the in vivo efficacy of a recombinant adenoassociated virus carrying HGFK1 (rAAV-HGFK1) for the treatment of hepatocellular carcinoma (HCC) in a rat orthotopic HCC model and explored its molecular mechanisms in vitro in both endothelial and tumor cells. We first showed that rAAV-HGFK1 treatment significantly prolonged the survival time of rats transplanted with tumor cells. Treatment with rAAV-HGFK1 inhibited tumor growth, decreased tumor microvessel density, and completely prevented intrahepatic, lung, and peritoneal metastasis in this in vivo model. In vitro, rAAV-HGFK1 exhibited both antiangiogenic and antitumor cell effects, inhibiting the proliferation of both murine microvascular endothelial cells (MEC) and tumor cells, and inducing apoptosis and G 0 -G 1 phase arrest in these cells. To our surprise, rAAV-HGFK1 did not act through the hepatocyte growth factor/hepatocyte growth factor receptor pathway. Instead, it worked mainly through epidermal growth factor (EGF)/epidermal growth factor receptor (EGFR) signaling, with more minor contributions from vascular endothelial growth factor/vascular endothelial growth factor receptor and B fibroblast growth factor (bFGF)/B fibroblast growth factor receptor (bFGFR) signaling. In both MECs and tumor cells, rAAV-HGFK1 acted through two pathways downstream of EGFR, namely inhibition of extracellular signal-regulated kinase activation and stimulation of p38 mitogen-activated protein kinase/c-Jun-NH 2 -kinase activation. These results suggest for the first time that HGFK1 exerts both antiangiogenic and antitumor cell activities mainly through EGF/EGFR signaling, and may thus be considered as a novel therapeutic strategy for the treatment of HCC. [Cancer Res 2008;68(2):404-14] 
Introduction
Accumulated evidence has clearly shown that angiogenesis plays an important role in the growth and metastasis of various tumors (1) , and antiangiogenic therapy has been shown to be an effective anticancer approach (2) (3) (4) . Many antiangiogenic molecules have been identified (5) , including several kringle domain polypeptides. One of the most well studied kringle domain polypeptides is angiostatin (6) , which contains the first four kringles of plasminogen. Each of the angiostatin kringles, as well as the fifth kringle of plasminogen, have been cloned and individually shown to inhibit angiogenesis (7) . Similarly, the a-chain of hepatocyte growth factor (HGF), which contains four kringle domains and the NH 2 -terminal hairpin domain (NK4), reportedly functions as an antiangiogenic molecule. NK4 has been shown to be bifunctional, as it acts as both an HGF antagonist and an angiogenesis inhibitor (8, 9) .
Angiogenesis is critical to the growth and metastasis of hepatocellular carcinoma (HCC), one of the most hypervascular solid tumors (10, 11) . The majority of HCC patients present at an advanced stage, and there is no effective systemic treatment currently available for this disease (12) (13) (14) . Therefore, novel treatment strategies are urgently needed. HCC tissues express higher levels of HGF than dysplastic nodules (15) , and high levels of plasma HGF in HCC patients indicate a grave prognosis, suggesting that HGF plays important and active roles in the progression of HCC (16) .
We previously found that a recombinant peptide containing the kringle 1 domain of HGF a-chain (HGFK1) inhibits h fibroblast growth factor (bFGF)-stimulated bovine aortic endothelial cell proliferation (17) , suggesting that HGFK1 might be an antiangiogenic molecule. However, the in vivo efficacy and the molecular mechanisms underlying this effect of HGFK1 have not previously been examined.
A systemic sustained presence is required for an antiangiogenic molecule to achieve an effective anticancer result (18, 19) . One strategy for such delivery is the use of gene therapy to direct specific localized synthesis of antiangiogenic polypeptides (20, 21) . The adenoassociated virus (AAV) gene therapy vector has been shown to exhibit low pathogenicity and immunogenicity, along with a good ability to transduce growth-arrested cells and produce sustained long-term expression of target genes (22, 23) . Here, we examined the use of a recombinant AAV (rAAV) carrying HGFK1 for the in vivo treatment of HCC in a rat orthotopic HCC model. We also elucidated the molecular mechanisms of rAAV-HGFK1-mediated antiangiogenic and antitumor cell effects in vitro in both murine microvascular endothelial cells (MEC) and rat HCC cells. Finally, we evaluated the possible toxicity of rAAV-HGFK1.
Materials and Methods
Cell culture and materials. The rat HCC cell line, McA-RH7777, the murine tumor-derived MEC line, SVEC4-10EE2, and HEK 293-FT cells were obtained from the American Type Culture Collection. DMEM, fetal bovine serum (FBS), and trypsin-EDTA were purchased from Invitrogen. Cells were maintained as monolayer cultures in DMEM supplemented with 10% FBS (complete DMEM) at 37jC, 5% CO 2 .
Because antihuman HGFK1 antibodies were not commercially available, we designed a synthetic peptide corresponding to the NH 2 -terminal amino acids of HGFK1 (RSY KGT VSI TKS GIKC) and used this peptide to produce rabbit polyclonal antisera against HGFK1. The polyclonal antibody against CD31 was obtained from PharMingen. The antibodies against epidermal growth factor receptor (EGFR), phosporylated EGFR (P-EGFR), c-Met (HGF receptor), phosphorylated c-Met (P-c-Met), P-Flg, Flk-1 [vascular endothelial growth factor (VEGF) receptor 2], P-Flk-1, Akt, phosporylated Akt, extracellular signal-regulated kinase (ERK), phosphorylated ERK (P-ERK), p38 mitogen-activated protein kinase (MAPK), phosphorylated p38 (P-p38) MAPK, c-Jun NH 2 -terminal kinase (JNK), phosphorylated JNK (P-JNK), and h-Actin were purchased from Santa Cruz Biotechnology. The antibodies against Flg (bFGF receptor), caspase 3, cleaved caspapse 3, caspase 9, and cleaved caspase 9 were acquired from Cell Signaling Technology. The specific p38 MAPK inhibitor, SB203580, was purchased from CalbiochemNovabiochem Corp. The specific JNK kinase inhibitor, SP600125, was purchased from Merck. The EGFR-specific inhibitor, AG1478, was acquired from Sigma-Aldrich. The siRNA against EGFR (si-EGFR) was purchased from Tech Dragon Ltd.
Preparation of rAAV vectors. Plasmids pAAV-CAG-sec-enhanced green fluorescent protein (EGFP) and pAAV-CAG-sec-HGFK1 (Supplementary Data 1) were constructed by inserting fragments encoding the EGFP and human HGFK1 cDNAs into the multiple cloning site of the AAV2 vector [ITR-CAG promoter-Igk leader-EGFP/HGFK1 cDNA-woodchuck posttranscriptional regulatory element (WPRE)-BGH polyA-ITR]. A helper virus-free system was used to produce rAAV particles, as described elsewhere (24, 25) , with minor modifications. Briefly, rAAV vectors and the pDG helper plasmid were cotransfected into HEK 293-FT cells by calcium phosphate precipitation. Sixty hours after transfection, cells were trypsinized and resuspended in Tris buffer (pH 8.0). After two cycles of freezing and Figure 1 . The in vivo effects of rAAV-HGFK1 treatment on a rat orthotopic HCC model. Rats received PBS, rAAV-EGFP, or rAAV-HGFK1 by a combination of portal vein and intratumoral injection, as described in Materials and Methods. A, survival curves of HCC-bearing rats. **, P < 0.001 compared with the PBS-treated group. B, tumor volumes. *, P < 0.01 compared with the PBS-treated group. C, metastasis to the liver, lung, and peritoneum observed at time of death. Black arrow, primary tumor. Red arrow, metastasis.
thawing, the cells were centrifuged for 20 min at 12,000 rpm and the supernatant containing rAAV-HGFK1 or rAAV-EGFP particles was decanted. The rAAV particles were purified by HiTrap Heparin column chromatography (Sigma). Peak virus fractions were collected and dialyzed against PBS containing 1 mmol/L MgSO 4 . Samples were then concentrated using a 100K-MicroSep Centrifugal Concentrator (Life Technologies). The viral titer was quantified by real-time PCR, using the Taqman Universal PCR kit (Applied Biosystems) and WPRE-specific primers ( forward, 5 ¶-CGG CTG TTG GGC ACT GA-3 ¶; reverse, 5 ¶-CCG AAG GGA CGA AGC AGA AG-3 ¶). into the left lobe of the liver, as described previously (26) . Seven days after tumor cell injection, the formation of tumor nodules was confirmed by laparotomy. Each rat developed a single tumor nodule, ranging in size from 3 Â 3 to 3 Â 4 mm 2 . The animals were randomly divided into the following groups: (a) PBS (nontreatment, n = 15); (b) rAAV-EGFP (n = 15); (c) rAAV-HGFK1 (n = 15). To achieve a high virus concentration in the tumor tissues and to prevent tumor cells from spreading from tumor tissues to adjacent nontumorous tissues, injections were conducted both intratumorally, at three sites around the margin of tumor nodule, and one site in the center of the tumor nodule (total 0.2 Â 10 12 vg for the four sites), and also through the portal vein (1 Â 10 12 vg/rat). The injected volume of vectors or PBS was kept V300 AL per rat. Six animals in each group were kept for the survival study, whereas the remaining 9 rats in each group were sacrificed on days 7, 14, and 21 after treatment (n = 3 per time point). Immediately after sacrifice, animals were dissected for collection of tumor tissues and organs, including livers and lungs.
Plasma levels of HGFK1. To evaluate long-term rAAV-mediated HGFK1 expression in the circulation, 15 rats were divided into 5 groups (n = 3 in each group) and given rAAV-HGFK1 at therapeutic dosage (1.2 Â 10 12 vg/rat) via injection through the portal vein. On days 0, 7, 21, 60, and 120 postinjection, plasma samples were collected and concentrated, and levels of HGFK1 were measured by Western blot analysis.
Histologic study. Normal and tumor tissues were fixed in 10% buffered formalin and embedded in paraffin. The paraffin-embedded tissues were cut into 5-Am thick sections and subjected to H&E and immunohistochemical staining, as previously described (27) .
Toxicity test. Nine rats (three groups, n = 3 per group) were given intraportal vein injections of PBS, rAAV-EGFP (4.8 Â 10 12 vg/rat), or rAAV-HGFK1 (4.8 Â 10 12 vg/rat). Body weight and general condition were assessed daily for any signs of systemic toxicity. On days 7 and 60 postinjection, plasma samples were collected for testing of liver biochemistry, including alanine transaminase, aspartate aminotransferase, and total bilirubin levels, as well as cardiac biochemistry, including hydroxybutyric dehydrogenase, creatine kinase, and lactate dehydrogenase levels. The plasma levels of alanine transaminase, aspartate aminotransferase, total bilirubin, hydroxybutyric dehydrogenase, creatine kinase, and lactate dehydrogenase were tested in the clinical biochemistry laboratory of the Queen Mary Hospital (University of Hong Kong). On day 120, animals were sacrificed, and liver and heart tissues were collected. HGFK1 expression was measured by immunohistochemical staining, apoptosis was detected by terminal deoxynucleotidyl transferase-mediated dUTP-biotin end labeling assay, and tissue injury was assessed by H&E staining.
In vitro angiogenesis assay. MECs were seeded in complete DMEM at a density of 3 Â 10 5 cells per well in 6-well plates and allowed to adhere overnight. Cells were then transfected with PBS (mock), or rAAV-EGFP or rAAV-HGFK1 at a multiplicity of infection (MOI) of 1 Â 10 4 , and incubated in DMEM with 2% FBS for 48 h. Thereafter, the effect of rAAV-HGFK1 on the angiogenic activity of MECs was evaluated using an in vitro angiogenesis assay kit (Chemicon). Briefly, the provided ECMatix was fitted into the wells of a 96-well plate in accordance with the manufacturer's instructions. The transfected MECs were starved for 48 h in DMEM with 0.5% FBS and seeded onto the ECMatix gel (4 Â 10 4 cells per well). Starved nontransfected MECs were seeded in parallel as a control. To assess inhibition of EGFR-specific angiogenesis, cells were treated with PBS (mock), AG1478 (1 Amol/L), or rAAV-HGFK1 (MOI, 1 Â 10 4 ) and incubated in DMEM with 0.5% FBS for 48 h, and then seeded (4 Â 10 4 cells per well) to plates containing the ECMatix gel. All cells seeded onto the ECMatix gel were incubated for 5 h. Thereafter, the formation of capillary-like structures was inspected using an inverted light microscope (magnification, Â100), and representative fields were photographed.
Cell proliferation assay. McA-RH7777 and MECs were seeded at a density of 2 Â 10 3 cells per well in 96-well plates and allowed to adhere overnight. After adhesion, cells were treated with rAAV-EGFP or rAAV-HGFK1 (MOI, 1 Â 10 4 ) and incubated for 24, 48, 72, or 96 h in DMEM with 2% FBS. For analysis of growth hormone-stimulated cell proliferation, cells were treated with various MOIs of rAAV-HGFK1, incubated in DMEM with 0.5% FBS for 48 h, and then stimulated with different growth factors in DMEM with 0.5% FBS for an additional 24 h. Cell viability was assessed by trypan blue exclusion, and viable cells were counted manually. All experiments were done in triplicate.
Apoptosis and caspase assays. For our in vitro apoptosis assay, McA-RH7777 cells and MECs were seeded in complete DMEM at a density of 2 Â 10 3 cells per well in 96-well plates and allowed to adhere overnight. The cells were then treated with PBS (mock), rAAV-EGFP, or rAAV-HGFK1 (MOI, 1 Â 10 4 ), and incubated in DMEM containing 2% FBS for 48 h. For our in vitro apoptosis assay of cells treated with si-EGFR or AG1478, cells were treated these constructs, incubated in DMEM with 0.5% FBS for 48 h, and then stimulated with epidermal growth factor (EGF; 10 ng/mL) in DMEM with 0.5% FBS for an additional 24 h. The APOPercentage (Biocolor) in vitro apoptosis assay kit was used to quantify the number of apoptotic cells. Briefly, 30 min before the end of stimulation, 5 AL of APOPercentage dye was added to each well. At the end of the incubation, the cells were washed 
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For analysis of caspase levels and caspase cleavage, cells were seeded in complete DMEM at a density of 3 Â 10 5 cells per well in 6-well plates and allowed to adhere overnight. Cells were then treated as described above, and total proteins were extracted for western blot analysis.
Cell Statistical analysis. Animal survival was analyzed by log-rank test using the GraphPad Prism software (GraphPad Software, Inc.). Comparisons of plasma biochemistry variables and numbers of apoptotic cells were carried out using the two-tailed Student's t test application of MS Excel. P value of <0.05 was considered statistically significant.
Results
rAAV-HGFK1 treatment significantly prolongs survival, inhibits tumor growth, and prevents metastasis in a rat model of HCC. Tumor-bearing rats were established, randomly divided into three groups, and treated with PBS, rAAV-EGFP, or rAAV-HGFK1 (n = 15 per group) by a combination of intratumoral and portal vein injections, as described in Materials and Methods. The results showed that although the median survival time in the control (PBS and rAAV-EGFP) treatment groups were 29 days posttreatment, rAAV-HGFK1 treatment significantly prolonged the median survival time to 49 days (P < 0.001; Fig. 1A) . Furthermore, rAAV-HGFK1 treatment remarkably inhibited tumor growth; the mean tumor size in the rAAV-HGFK1-treated group was significantly smaller than that in the PBS-and rAAV-EGFP-treated groups (P < 0.01) on day 21 posttreatment (Fig. 1B) .
Liver, lung, and peritoneal metastasis was evaluated in all three groups immediately after the animals died. Rats in the PBS (data not shown) and rAAV-EGFP-treated groups (Fig. 1C, top) displayed multiple metastatic tumor nodules on the surfaces of the liver, lung, and peritoneum. In contrast, there was no sign of metastasis in members of the rAAV-HGFK1 treatment group (Fig. 1C, bottom) . In summary (Supplementary Data 3) , our results indicate that rAAV-HGFK1 treatment significantly inhibited tumor growth, prevented liver, lung and peritoneal metastasis, and inhibited the accumulation of ascites. In contrast, members of the rAAV-EGFP-and PBS-treated groups displayed 100% liver and peritoneal metastasis, and 100% and 83.3% lung metastasis, respectively.
rAAV-HGFK1 treatment produces sustained high-level HGFK1 expression, resulting in reduced microvessel density and increased tumor tissue necrosis in a rat model of HCC. Immunohistochemical analysis showed that rAAV-HGFK1 treatment produced long-term, high-level HGFK1 protein expression in both normal and tumor tissues in the rats. On day 21 posttreatment, strong HGFK1 protein expression was found in normal liver tissue sections, especially in cells around the blood vessels, in the rAAV-HGFK1 treatment group, but not in the PBSor rAAV-EGFP-treated groups. HGFK1 protein expression was also found in the primary liver tumor tissues of rAAV-HGFK1-treated rats but not in those of the PBS-or rAAV-EGFP-treated animals (Fig. 2) . Nontumor-bearing rats treated with therapeutic doses of rAAV-HGFK1 showed long-term plasma expression of HGFK1 (Supplementary Data 4) . Moreover, at a higher magnification (Â1,000), it was clear that the HGFK1 protein was expressed mainly in the cytoplasma of liver cells. CD31-specific immunohistochemical staining also showed a significantly lower level of microvessel density (MVD, 6.2 F 1.6) in the liver tumor tissues of the rAAV-HGFK1 treatment group, compared with sections from the PBSand rAAV-EGFP-treated groups (25.1 F 2.1 and 26.8 F 2.5, respectively; P < 0.01). Furthermore, H&E staining showed that rAAV-HGFK1 treatment induced large areas of necrosis in the tumor tissues, whereas only minimal areas of necrosis were observed in tumor tissues from the control groups (Fig. 2) .
In vivo toxicity test. The potential toxicity of rAAV-HGFK1 treatment was examined in normal Buffalo rats by portal vein injection of PBS, or a high dosage (4.8 Â 10 12 vg/rat) of rAAV-EGFP or rAAV-HGFK1 (n = 3 per group). Toxicity was evaluated based on plasma levels of alanine transaminase, aspartate aminotransferase, total bilirubin, hydroxybutyric dehydrogenase, creatine kinase, and lactate dehydrogenase. Our results showed that on days 7 and 60 posttreatment, the plasma levels of alanine transaminase, aspartate aminotransferase, total bilirubin, hydroxybutyric dehydrogenase, creatine kinase, and lactate dehydrogenase were within the reference range in rats from all three groups. Immunohistochemical staining confirmed high-level expression of HGFK1 in liver sections from rAAV-HGFK1-treated rats sampled throughout the treatment period. On day 120 posttreatment, HGFK1 protein expression was still readily detectable by immunohistochemical staining in rAAV-HGFK1-treated rats, whereas no positive HGFK1 signal was found in liver tissues from rats treated with PBS or rAAV-EGFP. Finally, H&E staining showed no detectable injury in the liver and cardiac muscle tissue of rats treated with rAAV-HGFK1 (Supplementary Data 5) .
rAAV-HGFK1 inhibits proliferation and induces apoptosis and G 0 -G 1 phase arrest in both MECs and tumor cells. We next used cell culture systems to investigate the function of rAAV-HGFK1. We first observed the infection efficacy of the rAAV we constructed for this study and found that rAAV-EGFP could efficiently transduce both MECs and McA-RH7777 cells. In vitro angiogenesis assays were then performed to verify the antiangiogenic effect of rAAV-HGFK1. Our results showed that treatment with rAAV-HGFK1 (MOI, 1 Â 10 4 ) inhibited the ability of MECs to form capillary-like structures (Fig. 3A) . To further test whether rAAV-HGFK1 exhibited both antiangiogenic and antitumor cell effects, we examined the effect of our construct on both MECs and McA-RH7777 cells. Treatment with rAAV-HGFK1 (MOI, 1 Â 10 4 ) inhibited the proliferation of both MECs and McA-RH7777 cells (Fig. 3B) and induced apoptosis in these cells, as determined by an in vitro apoptosis assay and caspase assays (Fig. 3C) . In addition, flow cytometric cell cycle analysis revealed that rAAV-HGFK1 treatment triggered G 0 -G 1 phase arrest, as verified by observation of down-regulated cyclin and cyclindependent kinase (CDK) expression in both MECs and tumor cells treated with our construct (Fig. 3D) .
rAAV-HGFK1 inhibits the activation of EGFR, VEGFR, and bFGFR but not HGFR. We then investigated which receptor rAAV-HGFK1 used to transduce its signal. Specifically, we examined the effect of rAAV-HGFK1 on HGF-, EGF-, VEGF-and bFGF-stimulated cell proliferation in MECs and McA-RH7777 cells. To our surprise, we found that rAAV-HGFK1 exerted no effect on HGF-stimulated cell proliferation but dose dependently inhibited EGF-, VEGF-, and bFGF-mediated cell proliferation. At a MOI of 1 Â 10 4 , rAAV-HGFK1 produced significant (80%, 29%, and 46%) inhibitions on EGF-, VEGF-, and bFGF-stimulated MEC proliferation, respectively (Fig. 4A, left) . Similarly, rAAV-HGFK1 (MOI, 1 Â 10 4 ) inhibited 83%, 31%, and 34% of EGF-, VEGF-, and bFGF-stimulated cell proliferation, respectively, in McA RH7777 cells (Fig. 4A, right) .
To validate these observations, we used Western blot analysis to further investigate the effect of rAAV-HGFK1 on the activation of various growth factor receptors. We found that EGFR activation was very sensitive to and was nearly completely inhibited by rAAV-HGFK1 (MOI, 1 Â 10 4 ) treatment. In contrast, the activations of VEGFR 2 (Flk 1) and bFGFR 1 (Flg) were only partly inhibited by this treatment, and that of HGFR (c-Met) was unaffected (Fig. 4B) . Taken together, these results suggest that rAAV-HGFK1 exerts both antiangiogenic and antitumor cell effects mainly through inhibition of EGF/EGFR signaling pathways.
Because, unlike VEGF and bFGF, EGF is generally not considered to be a crucial proangiogenic growth factor, we further tested whether inhibiting EGFR alone could suppress angiogenesis in our system. As shown in Fig. 5A , treating MECs with the EGFR-specific inhibitor, AG1478, effectively inhibited the ability of MECs to form capillary-like structures. Consistently, siEGFR and AG1478 abrogated EGF-mediated proproliferation (Fig. 5B) and antiapoptotic (Fig. 5C ) effects in both MECs and McA-RH7777 cells. In addition, si-EGFR and AG1478 induced G 0 -G 1 phase arrest of EGF-treated MECs and McA-RH7777 cells (Fig. 5D) .
rAAV-HGFK1 acts through the EGFR downstream kinases, ERK/JNK, and p38 MAPK, in MECs and McA-RH7777 cells. We investigated the expression and activation of EGFR downstream kinases and found that activation of ERK, p38 MAPK, and JNK was altered by rAAV-HGFK1 treatment in MECs and McA-RH7777 cells, at 48 h posttreatment (Fig. 6A, left) . A time course study of the activation of EGFR downstream kinases showed that, after inactivation of EGFR, ERK activation was obviously decreased, and the activations of p38 MAPK and JNK were obviously increased at 36 and 48 h after rAAV-HGFK1 treatment. Interestingly, rAAV-HGFK1 had differential effects on the activation of p38 MAPK and JNK in MECs versus McA-RH7777 cells. In MECs, JNK activation was much higher than p38 MAPK activation, whereas in McA-RH7777 cells, p38 MAPK activation was much higher than JNK activation (Fig. 6A, right) . This differential kinase activation may suggest that JNK and p38 MAPK play unequal roles in HGFK1-mediated effects on MECs and McA-RH7777 cells.
Consistent with this hypothesis, a cell proliferation assay showed that a JNK inhibitor (SP600125) but not a p38 MAPK inhibitor (SB203580) abrogated the antiproliferation effect of rAAV-HGFK1 in MECs. In contrast, the p38 MAPK-kinase inhibitor, but not the JNK inhibitor, abrogated the antiproliferation effect of rAAV-HGFK1 in McA RH7777 cells (Fig. 6B) . Similarly, apoptotic and cell cycle assays also showed that the JNK inhibitor but not the p38 , and incubated in DMEM containing 0.5% FBS and 10 ng/mL of EGF for 12, 24, 36, or 48 h. Cells were harvested at each time point, and total proteins were extracted for Western blot analysis. Left, the expression of total and phosphorylated EGFR and its downstream kinases, Akt, ERK, p38, and JNK, were determined at 48 h postinfection by Western blot analysis using the appropriate antibodies. Right, time-dependent activation of EGFR and its downstream kinases. B, C, and D, treatment with the p38-specific inhibitor, SB203580 (SB ), and the JNK-specific inhibitor, SP600125 (SP ), abrogated the effects of rAAV-HGKF1 on MECs and McA-RH7777 cells. Cells were seeded in 96-well plates at a density of 2 Â 10 3 cells per well, treated with PBS, rAAV-EGFP, rAAV-HGFK1, rAAV-HGFK1+SB, or rAAV-HGFK1+SP, incubated in DMEM with 0.5% FBS for 48 h, and then incubated in DMEM with 0.5% FBS in the presence of 10 ng/mL of EGF for an additional 24 h. B, viable cells were identified by trypan blue exclusion, and the number of viable cells per well was counted. C , apoptotic cells were stained using the APOPercentage kit, and the percentage of apoptotic cells was determined (magnification, Â400). MAPK kinase inhibitor abolished rAAV-HGFK1-induced apoptosis and G 0 -G 1 phase arrest in MECs, whereas the opposite effect was seen in McA-RH7777 cells (Figs. 6C and D) .
Discussion
In the present study, we investigated the in vivo therapeutic efficacy of rAAV-HGFK1 in an immunocompetent rat model of orthotopic HCC. We further elucidated the molecular mechanisms of rAAV-HGFK1 in vitro in both MECs and tumor cells. Our data showed that rAAV-HGFK1 produced sustained HGFK1 expression in vivo, inhibited tumor growth and metastasis, and significantly prolonged the survival time of HCC-bearing rats.The AAV vector system has several advantages as a gene delivery scheme, including long-term transgene expression (22, 29) , and low pathogenicity and immunogenicity (30, 31) . The present study showed that expression of HGFK1 remained detectable at 120 days after administration of rAAV-HGFK1. Such sustained expression of a therapeutic molecule is especially important for the treatment of cancer by antiangiogenic approaches. Furthermore, we did not observe any toxicity, even after administration of high doses of rAAV-HGFK1, as evaluated in terms of liver biochemistry variables, enzymes related to heart injury, and histologic manifestation of injury in various types of organs. These results suggest that rAAV-mediated gene therapy with HGFK1 is potentially a safe and effective approach for anticancer treatment.
The rAAV-HGFK1 vector constructed in this study mediated secreted HGFK1 expression. When rAAV-HGFK1 was administrated to rats, HGFK1 was secreted from infected cells into the bloodstream and exerted both antiangiogenic and antitumor cell effects. Plasma levels of HGFK1 were examined at several time points (day 0, 7, 21, 60, and 120) after rAAV-HGFK1 injection; the plasma levels of HGFK1 peaked on day 21 and slowly and gradually declined to 75% of the highest level by day 120 (Supplementary Data 4) . However, the median survival time was only 49 days, suggesting that HGFK1 levels should be maintained at close to the highest point achieved in this study to achieve therapeutic effects. Therefore, future studies should perhaps involve readministration of rAAV-HGFK1 after day 21 or perhaps administration of a higher initial dose. Although portal vein injection is one choice for drug administration during clinical trials, most studies involve i.v. injection. A previous study showed that i.v. injection of rAAV induces high expression of the delivered gene in both plasma and liver (32) , suggesting that i.v. injection could be a suitable route for rAAV-HGFK1 administration. In addition, intratumoral injection could be replaced with injection through hepatic artery catheterization.
We further showed that rAAV-HGFK1 exhibited both antiangiogenic and antitumor cell effects, as rAAV-HGFK1 treatment inhibited the proliferation of both MECs and tumor cells, and induced cell apoptosis. The antiproliferation effect of HGFK1 might be due to G 0 -G 1 phase arrest and down-regulation of cyclins and CDKs, whereas its proapoptotic effect was supported by the increased cleavages of caspases 3 and 9. To explore the molecular mechanism of HGFK1-mediated antiangiogenic and antitumor cell effects, we investigated the effect of rAAV-HGFK1 on growth receptor phosphorylation in both MECs and tumor cells. Unexpectedly, rAAV-HGFK1 did not affect HGF-induced cell proliferation and phosphorylation of c-Met. However, rAAV-HGFK1 treatment significantly inhibited EGF-induced EGFR activation. More modest inhibitions of VEGF-induced Flk-1 activation and bFGF-induced Flg activation were also observed in MECs and tumor cells, suggesting that rAAV-HGFK1 exhibits its dual antiangiogenic and antitumor cell effects mainly through EGF/ EGFR signaling and partly through the VEGF/VEGFR and bFGF/Flg signaling pathways. Here, we focused primarily on the EGF/EGFR-mediated effects of rAAV-HGFK1. We will explore the related roles of VEGF/Flk-1 and bFGF/Flg signaling in a future study.Although most of the current antiangiogenic drugs are thought to work by inhibiting the synthesis of VEGF by tumor cells, a recent study proposed that these drugs may directly target the endothelium (33) . In our study, we found that rAAV-HGFK1, si-EGFR, and the EGFR-specific inhibitor, AG1478, directly inhibited the angiogenic activities of MECs. Consistently, they also inhibited cell proliferation and induced apoptosis and G 0 -G 1 phase arrest of both endothelial and tumor cells. Western blot analysis showed that parallel to the decreased phosphorylation of EGFR, rAAV-HGFK1 treatment decreased P-ERK and significantly enhanced P-p38 and P-JNK. These results suggest that rAAV-HGFK1 exerts its effects via multiple signaling molecules, including EGFR, ERK, p38 MAPK, and JNK. We further showed that rAAV-HGFK1 acts via differential EGFR downstream pathways in MECs versus the tested tumor cell line.
In conclusion, the present study showed that rAAV-HGFK1 could mediate sustained HGFK1 expression in both tumor and endothelial cells. Long-term expression of HGFK1 exhibited potent proapoptotic effects on both tumor and endothelial cells, and these proapoptotic effects were dependent mainly on the EGF/ EGFR signaling pathway. We found that rAAV-HGFK1-mediated gene therapy significantly prolonged the survival of HCC-bearing rats and exhibited no obvious side effects in vivo, even when given at a high dose. Because there is no proven effective systemic therapy for HCC at this time, rAAV-HGFK1 would seem to warrant further investigation, with an eye toward future clinical trials.
